septum tends to prevent development of hypertension in the upper systemic circulation by permitting blood from the left ventricle to pass into the pulmonary circulation. This tendency is accentuated but not fundamentally altered if there is also a patent ductus arteriosus opening into the aorta proximal to the coarctation.
A more complicated situation obtains if the ductus enters the aorta distal to the coarctation. Then systolic pressure in the descending aorta tends to approach that in the pulmonary artery, owing to the equalizing effect of the ductus, and also the pressure in the ascending aorta may approach that in the pulmonary artery, owing to the equalizing effect of the ventricular septal defect. Consequently, little or no pressure gradient may exist across the coarctation. Recognition of the existence of coarctation in these circumstances is of great practical importance, as discussed later.
In this paper analysis is made of 26 cases of ventricular septal defect and coarctation of the aorta with or without patent ductus arteriosus, in which the diagnosis was fully established by pathologic, surgical, or coinplete hemodynamic data. Briefer reference, principally for purposes of classification, is made to 13 other cases in which this combination of defects formed part of more complicated malformations.
Classification According to Associated Abnormalities: In the classification used, the term "coaretation " includes all anatomic varieties of obstruction to the aortic archinfolding of the aortic wall (usually referred to as coaretation) and also tubular hypoplasia, atresia of the isthmus of the aorta, and complete interruption of the aortic arch. In deseribing ventricular septal defects, the considerations elaborated by Becu and associates' will be followed; but for convenience, defects involving the region dorsal to the crista supraventricularis will be referred to as the "usual " type, those ventral to the crista as "high " defects, and those of the central part of the septum as "muscular" defects. Cases of ventricular septal defect and coarctation of the aorta are most conveniently classified according to the additional malformations (table 1) .
Cases with Normal Positions of Ascending Aorta and Pulmonary Artery Isolated and with Proximal Patent Ductus Arterlosus
A ventricular septal defect tends to equalize pressures in the two ventricles during systole, and does so almost completely when the defect has an area greater than 1 sq. em. per sq. m. of body surface.2 Coexistent coarctation of the aorta increases resistance to emptying of the left ventricle and tends to direct more blood through the septal defect left-to-right ( fig. 1, left) . This reduces the hypertension in the aortic arch and its branches usually associated with coarctation. In consequence, an impression may be given that the aortic obstruction is mild when in reality it may be severe or even complete.
If there is also a patent ductus arteriosus opening proximal to the coaretation ( fig. 1 , lower right), the systemic and pulmonary cir- Table 2 gives data, including blood pressures as recorded by sphygmomanometer, from the seven cases of ventricular septal defect and coarctation of the aorta in which the ductus was closed and the five in which a patent ductus joined the aorta proximal to the coaretation.
Data on the anatomy of the aortic lesion were available in all cases, from either surgical or necropsy observation. In 10 the coarctation was of the usual type, causing severe obstruction in seven and mild in three; in the eleventh case the isthmus showed severe tubular hypoplasia; and in the remaining case the isthmus was represented only by a fibrous cord.
The anatomy of the ventricular septal defect was known in seven cases, among which the position of the defects was usual in three, muscular in two, and high in two.
The clinical examination and electrocardiography after repair of the coarctation indicated that the ventricular septal defect was small. In case 9 the pulmonary vascular resistance was so high that the ventricular shunt was rightto-left in spite of atresia of the aortic isthmus. Lack of pulsation in the legs proved to be a reliable indication of severe coarctation. In the three instances of mild coarctation pulsation was normal, whereas it was diminished or absent in each of the other eight for which records are available.
Radiologic appearances were similar to those in cases of uncomplicated septal defect. Slight to moderate cardiac enlargement was indicated by the cardiothoracic ratio, the contours suggesting left ventricular enlargement in eight cases, right ventricular enlargement in two, and biventricular enlargement in two. Central pulmonary vessels were enlarged in all, with diminution of peripheral vessels in four. The aortic knob was small in 10 cases and normal in two. No case showed a double contour due to prominence of the left atrium. Notching of the ribs was minimal in four cases and absent in eight. In none was the coaretation visible.
On electrocardiographic examination the axis was normal or deviated rightward. The P waves indicated left atrial enlargement in six cases and right atrial enlargement in three, and were normal in three. The QRS complex was interpreted as showing hypertrophy of both ventricles in 11 and hypertrophy of the left ventricle in one. The initial vector was clockwise in six and counterclockwise in four, two cases having complete right bundlebranch block.
Hemodynamic studies were made of 10 patients-by cardiac catheterization in eight, and in two (3 and 4) by pressure measurements at operation ( septal defect and coarctation a large patent ductus arteriosus joins the aorta beyond the obstruction ( fig. 1, upper right) . The septal defect tends to equalize the systolic pressure in the left and right ventricles, while the patent ductus tends to equalize pressures in the pulmonary artery and descending aorta. As a result there may be no significant pressure gradient across the coarctation.
In addition, the pulmonary artery blood may have an abnormally high oxygen content, owing to the left-to-right shunt through the ventricular septal defect; and this circumstance reduces the difference in oxygen saturation between aortic and pulmonary artery blood. Its consequence is minimization of the differential of cyanosis between upper and lower extremities, upon which clinical recogCirculation, Volume XXIV, December 1961 nition of right-to-left shunt through the duetus depends.
Fourteen proved cases with this combination of defects have been seen at the Mayo Clinic. Nine patients were females and five males. Four died during the first week of life, two in the second week, two more before the end of the first year, and two at 1 and 2 years of age. Three are still alive, now aged 4, 9. and 22 years; and one died following operation at age 25.
The chief pathologic features are summarized in table 4. In all cases the degree of aortic obstruction was severe, and in most the ductus was widely patent. Among the 11 in which the ventricular septal defect was examined, nine were large and two were small.
Clinical details were scanty in some of the cases ended by death in early infancy, but there are fully adequate data from seven cases and fairly adequate from two more (table 5) .
Early respiratory difficulties occurred in 13 of these 14 cases, and eight of the patients died from congestive heart failure. Three other deaths occurred immediately following attempted surgical repair. Except as a terminal-event, generalized cyanosis was not seen. Questionable cyanosis of the toes was observed in only the two oldest patients (cases 25 and 26), and none had unequivocal differential cyanosis. None had more than minimal elevation of arterial pressure in the arms.
Pulsation in the legs was regarded as normal in five cases. In case 19, absence of femoral pulsation was associated with narrow patency of the ductus; and in case 21 (as discussed below), the shunt through the ductus was probably left-to-right, although the opening into the descending aorta lay beyond a completely atretic aortic isthmus.
The parasternal murmur of ventricular septal defect was loud in all patients surviving beyond infancy and was associated with moderate or marked accentuation of the pulmonary second sound. Five patients had also an early diastolic left parasternal murmur of pulmonary incompetence, and one had an apical mid-diastolic murmur; but in no ease was a continuous murmur heard. blood excluded a large right-to-left shunt through the ductus; and the absence of additional arterialization in pulmonary artery blood made a large left-to-right flow through the ductus unlikely, although data obtained during breathing of oxygen suggested that the shunt tended to be in this direction. This evidence that the relatively small ductus in this case was not of great hemodynamic significance was supported by the presence of a pressure gradient across the coarctation, which in this case was specifically an atretic aortic isthmus.
In the three other cases there was a definite right-to-left shunt through the patent ductus. The diastolic pressure was similar in the pulmonary, radial, and femoral arteries. Systolic pressures in the right ventricle were closely similar to those in the pulmonary artery, but in each instance the systolic pressure recorded at the radial artery was considerably higher (+24 to +34 mm. Hg). As the systolic pressure in the left ventricle almost certainly was closely similar to that in the right, the higher systolic pressure at the radial artery probably represents the usual amplification of systolic pressure that occurs during transmission of Values for oxygen saturation at various sites in the right heart showed evidence of arterialization at the ventricular level in each case. The left-to-right ventricular shunt was small in case 24 but very large in cases 25 and 26. A right-to-left shunt through the duetus was demonstrated in each case, both by saturation data and by dye-dilution curves. Figure 2 illustrates a typical group of dyedilution curves taken from case 25. Following injection of dye into the right pulmonary artery, curves recorded from the radial and the femoral arteries demonstrated a left-toright shunt only. When injection was made into the main pulmonary artery, however, a large right-to-left shunt was indicated by the curve recorded at the femoral artery but not by that recorded at the radial artery. When the injection was made into the superior vena cava, the curve from the radial artery again failed to show early-appearing dye, indicating that no right-to-left shunt was occurring via the ventricular septal defect. This indicated that the shunt through the ventricular septal defect was purely in the left-to-right direction and that the systemic vascular resistance in the upper body was higher than the resultant of the parallel resistances of the pulmonary vasculature and the resistance to blood flow to the lower body via the ductus. The large right-to-left shunt of approximately 50 per cent through the ductus suggested that the vascular resistance in the lower body was less than or similar to the pulmonary vascular resistance.
In the presence of both a ventricular septal defect and a patent ductus arteriosus one would expect the predominant shunt to be in the same direction through both defects, unless there is an obstruction to flow between the left ventricle and the site at which the ductus joins the aorta. If no such obstruction exists and if the pulmonary resistance is less than the systemic resistance, both shunts will be predominantly left-to-right. If resistance is greater than sy-stemic, both shunts will be predominantly right-to-left. Therefore the combination of a predominant left-to-right ventricular shunt and a predominant right-to-left shunt through the ductus must mean that an obstruction exists between the left ventricle and the point where the ductus joins the aorta. This obstruction could be at or below the aortic valve, but most often it is a coaretation of the aorta.
Recognition of the existence of coarctation by this indirect evidence is of great importance if the ventricular septal defect is to be repaired with use of extracorporeal circulation. In these circumstances, after ligation of the ductus the coarctation will hinder or prevent perfusion of the head or the lower body, depending upon the position of the perfusing arterial cannula. 
Figure 4
Both aorta and pulmonary artery arise from the right ventricle. The coarctation is proximal to a patent ductus. The origin of the right subelavian artery is anomalous, at it arises from the descending aorta distal to the left subelavian and proximal to the coarctation.
With Distal Patent Ductus Arteriosus and Subaortic Stenosis
The addition of subvalvular obstruction in the left ventricle ( fig. 3) to the situation considered in the previous section increases the embarrassment of the circulation by directing more blood to the pulmonary circuit and lower body and making precarious the blood supply to the head and neck. Four cases in this category have been described in detail elsewhere ;. and in all, seven examples now have been seen in this institution. In six of these, the ventricular septal defect was high, lying iinmediately below the pulmonary valve; and all had obstructive anomalies of the aortic arch and its branches in addition to subvalvular Five of these patients died in the first 2 weeks of life, and the longest survival was 2 months. Most died in congestive heart failure; but one had a syncopal death, possibly related to inadequate cerebral perfusion.
Cases with Abnormal Positions of Ascending Aorta and Pulmonary Artery Five patients, one an infant and four aged from 2 to 14 years, have presented with some form of transposition of the great vessels ( fig.  4 ). These include a case described by Alcott and associates" as an example of the TaussigBing complex but which may be considered an example of complete transposition with the pulmonary trunk overriding a large ventricular septal defect. In each case, in addition to a defect of the ventricular septum and coaretation of the aorta, the ductus arteriosus was Circulation, Volume XXIV, December 1961 patent and joined the aorta distal to the coarctation.
The predominant direction of blood flow through abnormal communications between the ventricles or between the great vessels is determined by the relative resistances of the available pathways, as noted in the previous section. If there are communications at ventricular and at arterial levels, shunting will be in the same direction at both sites unless there is additional resistance or obstruction to one pathway. A left-to-right shunt at one level associated with right-to-left shunt at the other implies the existence of coarctation or obstruction in the outflow tract, whatever the arrangement of the great vessels may be. When in this situation the aorta arises from the right ventricle to supply the upper part of the body, and the pulmonary artery arises from the left ventricle to supply the lungs and the lower part of the body, a higher oxygen saturation will be found in the arteries of the lower part of the body than in those of the head and arms. Another situation that can produce this phenomenon of reversed differential cyanosis is composed of transposition of the great vessels, patent ductus, and a pulmonary vascular resistance higher than the systemic resistance.
In corrected transposition of the great vessels, the aorta and pulmonary artery arise from their proper ventricles, although abnormally positioned. In itself, this abnormal position does not affect the hemodynamics, which instead are determined by the associated abnormalities in the same way as with normally positioned vessels.
Besides the five cases mentioned above, there was one example of persistent truncus arteriosus associated with interruption of the aortic arch ( fig. 5) These considerations are not importantly affected by coexistence of a patent ductus arteriosus joining the aorta above the coaretation. Should a ductus join the aorta at the site of coarctation, it will either have the effect of bypassing the coaretation or will behave functionally as though it joined the aorta proximal or distal to the obstruction.
When in the presence of a ventricular septal defect and coaretation of the aorta a large patent ductus arteriosus joins the aorta beyond the coaretation, the pressure above and below the coaretation may be almost the same. The ventricular septal defect tends to equalize the systolic pressure in the two ventricles, so that the pressures in the pulmonary artery and descending aorta are very similar. The lower body may be supplied partially or completely by blood from the pulmonary artery. The oxygen saturation of blood in the pulmonary artery is abnormally high because of the shunt through the ventricular septal defect, and so the difference in oxygen saturation between the upper and lower body may be very small. In consequence, both the coaretation and the patent ductus may escape recognition on clinical grounds.
The demonstration at cardiac catheterization of a difference in arterial oxygen saturation between the upper and lower body and the confirmation by dye-dilution technics or angiocardiography of the coexistence of a left-to-right ventricular shunt and a right-toleft arterial shunt establish the presence of obstruction between the outflow tract of the left ventricle distal to the ventricular septal defect and the entry of the ductus into the aorta.
The hemodynamic situation produced when ventricular septal defect and coarctation of the aorta form part of more complicated combinations of defects is discussed briefly.
Great Men
In the experimental sciences, great men are never the promoters of absolute and immutable truths. Each great man belongs to his time and can come only at his proper moment, in the sense that there is a necessary and ordered sequence in the appearance of scientific discoveries. Great men may be compared to torches shining at long intervals, to guide the advance of science. They light up their time, either by discovering unexpected and fertile phenomena which open up new paths and reveal unknown horizons, or by generalizing acquired scientific facts and disclosing truths which their predecessors had not perceived. If each great man makes the science which he vitalizes take a long step forward, he never presumes to fix its final boundaries, and he is necessarily destined to be outdistanced and left behind by the progress of successive generations. Great men have been compared to giants upon whose shoulders pygmies have climbed, who nevertheless see further than they.-CLAUDE BERNARD. An Introduction to the Study of Experimental Medicine. New York, The MaeMillan Company, 1927, p. 42.
